Introduction
The main processes leading to the formation and transport of sand-sized grains are [1] : weathering (including both disintegration and decomposition), explosive volcanism, crushing (not including ordinary abrasion), pelletization and precipitation from solution. In general, sands accumulate in high kinetic energy environments, such as stream channels, alluvial fans, and marine environments [2] . The most important factors influencing the accumulation of sediment are the medium of transport and deposition, in addition to climate and source area. [3] .
Studies on modern sands enhance the current understanding of the impact of processes responsible for the creation of sand-size sediment. This information can be used to interpret the paleogeography of the ancient source area and basin systems [4] . The factors that affect the texture and composition of detrital assemblages found in modern and ancient sediments include source-rock composition, tectonics, climate, and relief [5] . These factors, grouped together, are referred to as provenance [6] . In a more descriptive way, the provenance includes descriptions of the paleogeography of a region, the identification of possible source areas for the clastic material, and information about the paleocurrents and paleoslope [1] . Quaternary sediments are particularly useful in provenance studies, because the effects of diagenetic dissolution in these sediments are minor compared to ancient sandstones [7] . Analyses of the mineralogy of modern sands may elucidate valuable minerals that, if the provenance is better characterized, can be more accurately uncovered. [1] . Furthermore, petrographic studies of sand provide opportunities to develop better sampling procedures using a systematic quantitative approach [8] .
Quaternary sediments from Doirani Lake (NW margin of Vertiskos Unit) are coarse-to medium-grained, poorlysorted, feldspathic wackes and arkoses that were deposited in a lacustrine environment with little transportation as indicated by the presence of ferromagnesian minerals [9] . Drilling cuttings (fluvial sand gravels to gravel sands) from Herso, Kilkis (West margin of Vertiskos Unit), are also mineralogically immature litharenites to feldspathic litharenites or orthoquartzites, formed by intense physical weathering with rapid transport and deposition in either a semi-arid climate or under the influence of a high relief [10] . The aforementioned detrital sediments are exclusively sourced from the metamorphic basement of the Vertiskos Unit. To the east of the Unit, the alluvial fans formed near Lake Kerkini are composed of clastic material derived from gneisses, amphibolites, and quartzites [11] . The following minerals are found in the sand fraction of clastic material accumulated to the east of the Unit: quartz, feldspars, micas, calcite, amphiboles, epidote, garnet, apatite, clinopyroxene and opaque minerals [12] .
The detrital sediments studied are deposited on and around the basement and consist of soil profiles as well as generally loose fluvial formations. This preliminary study focuses on the textural, petrological and mineralogical study of modern sands from the Vertiskos Unit to determine the processes responsible for the formation of these sediments, the potential source rocks, and current rate of weathering affecting the Unit using mechanical, petrographic and mineralogical techniques.
Geological setting
The study area is located in the Serbomacedonian Massif (SMM), northern Greece [13] and, more specifically, comprises the northern and largest part of the Vertiskos Unit [14, 15] . The SMM forms a zone of rocks approximately 600 km long and 60-100 km wide, trending to the N/NW (344
, in the central part of The Balkan Peninsula. It is divided into three geomorphologic units, namely the Northern, the Central, and the Southern [16] . The Vertiskos (geotectonic) Unit studied here coincides with the northern part of the Southern (geomorphologic) Unit of the SMM. This area is characterized by intense relief created by mountain-horst and basin-graben structures [16] .
The maximum altitude of the Vertiskos Unit is approximately 1,179 m and it is drained by several rivers and torrents. This complex drainage system is generally dendritic in nature, discharging its detrital load to Gallikos and Strymon Rivers (west and east ends of the Massif, respectively), to Doirani and Kerkini Lakes to the north and to Lagada and Volvi Lakes to the south (north and south ends of the Unit, respectively) (Fig. 1) . The Unit generally demonstrates low relief creating gently sloping mountains and two mesas at 400-600 m and 600-800 m [16] .
The Greek part of the SMM is divided into the upper Vertiskos Unit and the lower Kerdillia Unit [14, 15] . More recently, on the basis of lithological characteristics of the basement rocks, the SMM was further divided into several main Units, including Pirgadikia, Vertiskos, Arnea, and Kerdillia [17] . The older definition [15] is used throughout this study. The metamorphic basement of the Vertiskos Unit is mainly comprised of Palaeozoic metasediments and metabasic rocks, along with Eocene to Miocene granites. The Unit was metamorphosed during the Paleozoic to an amphibolite facies, and then underwent Cretaceous retrograde metamorphosis to a greenschist facies [18] . A more detailed analysis revealed the Unit is composed of the following lithologies [19] [20] [21] :
1. Meta-sediments (mica schists, meta-sandstones, meta-arkoses and marbles). These lithologies occupy the bulk of the study area. The marbles rarely occur as beds or lenses in the schists and demonstrate distinct stratigraphic contacts. Where a gradual transition exists between the mica schists and marbles, the transition zone between the two units consists of a rock with a unique composition. The meta-sediments are Palaeozoic and demonstrate a poly-metamorphic character [21, 22] , rather than just the two metamorphic events described above [18] . This poly-phase metamorphism occurred during the Mesozoic [23] . 9. Poorly sorted Tertiary massive graywackes along with poorly sorted and massive arkoses [30] .
Migmatites (Palaeozoic or older
The principal rock types of the Vertiskos Unit are deformed orthogneisses that likely metamorphosed from mediumgrained porphyritic biotite-granite preserved in strainfree pockets in the orthogneisses [23] . The orthogneisses are associated with amphibolites and low-grade metasediments, the latter present only to the west of the SMM and to in the central interior [17] . To the West the metasediments are in tectonic contact with the Circum Rhodope Belt, a low-grade metamorphic volcano-sedimentary succession [31] . The meta-sediments of the western border of the SMM likely metamorphosed from potassic arkoses and graywackes of mixed provenance, including igneous and sedimentary [32] . Five metamorphic episodes affected the Vertiskos Unit. They are illustrated in the P-T diagram of Fig. 2 Based on the ultrabasic rocks of the Unit it is deduced that the pressure and temperature conditions were P≤5kb and 300
• C<T<500
• C, respectively, whereas the amphibolitized eclogites demonstrated T≤440
• C. For a more detailed overview of the metamorphic evolution of the SMM, the reader is referred to more recent studies [23, 33, 34] . Strong evidences of neotectonic activity are recorded on the Vertiskos Unit [16] . The basin-grabens of the Unit were developed in two stages [35] : the first occurred during Lower-Middle Miocene and the second during Upper Pliocene-Lower Pleistocene; both due to the active extension in the central Aegean area. Neotectonic activity continues today as high seismicity and earthquakes with shallow focal depth (<17 km) [16] . The SMM as a whole is characterised by an active tectonic lineament of NNW-SSE direction with a N-S extensional trend [36] [37] [38] . The total thickness of the Neogene and Quaternary deposits in the smaller grabens and the larger basins ranges from 500-1500 m and 1500-3500 m, respectively. This feature indicates very active exogenic processes, producing almost planar surfaces onto the Vertiskos Unit [16] . Palynological study of drill cores from Lake Doirani, NW border of the Vertiskos Unit, revealed that after ca 830 BC the area was affected by intense human activity and that erosion of the surrounding rocks increased, producing more sand and gravel [39] . Based on this data, it is estimated that in this region, Vertiskos Unit is yielding sediments of approximate thickness 0.11 cm/yr.
Materials and Methods
Forty seven spot samples [40] of modern sands and soils were collected at different location within and around the Vertiskos Unit, labelled V1 to V47. Moist samples were left to dry at room temperature and then separated into consecutive size fractions by sieving in order to examine their textural properties using graphical parameters. Powder X-ray diffraction (PXRD) was used to determine the mineralogical composition of the samples. Powder X-ray diffraction was performed on a Philips diffractometer with Ni-filtered CuKα radiation. Randomly oriented mounts of the chemically untreated samples were scanned over the interval • 2θ at a scanning speed of 1.2
• per minute. The gravel fraction was removed prior to the grinding. Semi-quantitative estimates of the minerals present are based on the use of zinc oxide (zincite, PDF card 79-0207) as an internal standard [41] . The sample was prepared by grinding 3 g of dried sand in an agate mortar with 0.333 g ZnO and 4 ml CH 3 OH. The mixture is then dried at 85
• C for one hour and scanned.
In addition, the petrography of thins sections of 0 Φ, 1 Φ, and 2 Φ size fractions was completed as the majority of particles this size consist of preserved rock fragments [42] . Below approximately 3 Φ there are virtually no rock fragments. Thin sections were created by agglomerating loose grains in a compact block using a polyester resin; this process allowed for the shape of the grains along with the distribution of minerals in each fraction to be examined.
Results

Texture and Lithology
At the macroscopic level all modern sand samples are typically brown and reddish-grey-coloured coarse-grained loose sands consisting of sandy gravel to gravely sand with little to no mud. However, Samples V19 to V24 and V41 to V45, which are soils immediately overlying the mica schist basement, contain a higher percentage of mud.
In addition, macroscopic grains are typically angular to subangular with a low sphericity; the more rounded lithic fragments in this size population are of metamorphic origin, usually schist. Some rounded granite pebbles are also found in the samples collected from the center of the Unit, generally not exceeding approximately 10 cm in size.
The statistical graphical parameters relative to the grain size populations of the sand samples analysed are presented in Table 1 . The statistical equations utilized and their associated interpretations are according to [43] . Figure 3 shows some representative grain-size distributions, illustrating the polymodal nature of the grain size populations. Figure 4 shows the textural classification of the samples studied [43] . Figures 5 and 6 provide an image of the two sampling locations; whereas, Figure 7 segregates the environment of deposition [44] .
According to the variation in amplitude of the inclusive graphic standard deviation, σ I ; samples V15, V16, V18 and V33 appear to be moderately sorted while samples V19, V21, V22, V24, V25, V30, V31 and V39 are very poorly sorted. The remaining samples are poorly sorted [43] .
The degree of sorting along and mud content in the samples suggest that the sands are texturally immature to submature [43, 45] . The textural immaturity of the samples was expected from their grain distribution. The inclusive graphic skewness, Sk I , shows that grain-size curves range from extremely coarse skewed to extremely fine skewed, with the majority of the samples yielding a symmetrical grain size distribution.
The samples demonstrate graphic kurtosis ranging from 0.65 to 1.54, very platykurtic to very leptokurtic, respectively, with the majority of them mesokurtic. Table 1 . Fields; 1=gravel, 2=muddy gravel, 3=muddy sandy gravel, 4=sandy gravel, 5=gravelly mud, 6=gravelly muddy sand, 7=gravelly sand, 8=slightly gravelly mud, 9=slightly gravelly sandy mud, 10=slightly gravelly muddy sand and 11=slightly gravelly sand.
However, caution should be exercised when making interpretations based on these results as the samples demonstrate a polymodal grain-size distribution. [43] .
The samples shown in Figure 4 are classified as follows: V41 is muddy gravel; V25 and V31 are muddy sandy gravels; V1 -V7, V9, V11, V12, V15, V27, V35, V36, V38, V40, V46 and V47 are sandy gravels;V22, V42, and V44 are gravelly muds;V19 and V21 are gravelly muddy sands; V8, V10, V13, V14, V16, V17, V18, V23, V24, V26, V28-V30, V33, V34, V37, V39, V43 and V45 are gravelly sands;V20 is a slightly gravelly muddy sand; and V32 is a slightly gravelly sand [43] . The fluvial character of the majority of the samples is confirmed by the discrimination diagram illustrated in Figure 7. 
Mineralogy and Petrology
The powder X-ray diffraction semi-quantitative mineralogical composition of the sand samples is shown in Table 2 . The petrographic classification adopted is shown in Figure 8 [42] . In order to make the classification scheme applicable to bulk X-ray analyses, the percentages of quartz, total feldspars, and clay matrix were used rather than rock fragments. In this study, the total phyllosilicate content (micas+chlorite) of the samples was used as the clay matrix, since these are modern and loose sediments that were not affected by diagenesis and consolidation. In the pet- rographic classification scheme adopted in this study, the term greywacke is used for sandstones rich in micaceous (matrix) material. The term phyllarenites was use to indicate samples with a lower mud content [43] . Accessory minerals, those comprising greater than 3% of the mineral content of the sample, are included as prefixes to the rock naming.
The classification scheme used in this study is also useful as an indirect method for the designation of chemical and textural maturity of sand: chemical maturity increasing with increasing percentages of micas (or clay) and physical maturity increasing with increasing percentages of quartz. In this way, the fields of protoquartzite and arkose represent texturally mature (i.e. sands that contain less than 15% matrix) arenitic sands. Using this association, the fields of protoquartzite and quartz-wackes represent chemically mature sands, whereas the fields of arkoses and greywackes represent chemically immature sands [42] .
In the ternary diagram shown in Figure 8 , an estimated composition of the mica schist (average of three samples) of the basement is also plotted for comparison. In the same figure, samples V1 and V24 plot outside the limit of 60% total feldspar; however, with their close proximity to this limit and the semi-quantitative nature of this estimate they closely approach, they were incorporated to the arkoses and phyllarenites (greywackes) groups, respectively.
The powder X-ray diffraction examination reveals that the samples have a diverse composition with the quartz content ranging from 7% to 70%. Other compositional variations were observed in the plagioclase content (8-54%), alkali feldspar content (0-42%), and mica content (0-73%).
In addition, accessory ferromagnesian minerals (i.e. amphiboles and pyroxenes) and detrital garnet and calcite are almost always present in the composition of the samples. On occasion, amphibole occurs in great amounts(e.g. samples V12 and V22, Table 2 ).
All of samples presented in this study are minerallogically immature, as they contain feldspars, ferromagnesian minerals, and heavy minerals (i.e. micas, amphibole, pyroxene and garnet) [45] . This can be attributed to rapid erosion and mixing of sand populations from different, but adjacent, sources.
According to the petrographic classification scheme adopted in this study (Fig. 8) , the samples may be classified in to four groups, including A) Quartz-arenites: samples V3, V7, V9, V10, V26, V29 and V30; B) Quartzwackes: samples V2, V6, V8, V25, V28, V31, V35, V38, V39, V40, V41, V42 and V45; C) Phyllarenites: samples V4, V5, V12, V14, V20, V23, V24, V27, V32, V33, V36, V37, V43 and V44; and D) Arkoses: samples V1, V11, V13, V15, V16, V17, V18, V19, V21, V22, V34, V46 and V47. Figure 9 shows representative photomicrographs of some samples are presented. The 1 Φ fraction assemblage consists mainly of of monocrystalline and polycrystalline quartz, plagioclase always altered to sericite, few alkali feldspar usually found as orthoclase, and individual euhedral crystals of muscovite, biotite, or along quartz. The Quartz present exhibits undulatory extinction and, when present in fine quartzose aggregates, shows characteristic lobe sutures. Individual quartz and feldspar crystals are generally angular to subangular. Opaque minerals are always present in small amounts. Other accessory minerals found are individual euhedral garnet and kyanite crystals and single orthopyroxene and rutile crystals. Rock fragments are generally subangular to subrounded, and composed of quartz, biotite, muscovite, amphibole, plagioclase, epidote, kyanite, sillimanite, and zoisite. In these fragments, quartz demonstrates characteristic lobe sutures. The texture and composition of the rock fragments indicates that the mica schist basement is the likely source. The Michel-Levy method was applied to three plagioclase crystals demonstrating albite twinning along the (010) plane perpendicular to the thin section in the 1 Φ fraction of sample V19. The results of this analysis suggest that these plagioclase have an acid composition (albite). This type of composition is found in plagioclase from low grade metamorphic rocks and pegmatites [46] . In the 2 Φ fraction, the amount of rock fragments decreases and becomes more angular, however, the mineralogical composition remains the same. This fraction is rich in single angular to subangular crystals of muscovite, orthopyroxene, epidote, biotite, kyanite, plagioclase (altered in sericite), quartz, orthoclase, clinopyroxene, garnet, rutile, and some amphibole. The 3 Φ fraction consists primarily of single angular crystals of the aforementioned minerals, plus minor amounts of zoisite.
In general, their high content in lithic fragments and feldspars implies an adjacent source for the clastic load [47] .
Discussion
In general, the samples analyzed demonstrate unimodal to polymodal grain-size distribution patterns and are moderately sorted to very poorly sorted. The former indicating that they are immature to submature [43] . This feature is indicative of sediments accumulated through rapid deposition close to their source or of weak current action (i.e. detrital material deposited from a viscous flow, such as a mud flow) [43, 47] . The first conclusion point also implies that these sediments were deposited under intense to mild tectonic activity [43] .
Fluvial sediments demonstrate σ I > 1 2Φ (or sometimes > 1 3Φ) and Sk I < 1 (rarely > 1), whereas flood plain sediments demonstrate mostly σ I > 2Φ and always Sk I < 1 [48] . This rule is not always followed by the samples studied. In general, the samples studied are arenitic and wacky in texture.
In Figure 7 , samples V19, V20, V21, V26 and V32 plot as mud flows. For the first three this would be expected, since they are soil samples rich in fine-grained material. The latter two, being gravelly sands, only marginally plot outside the field of fluvial deposits.
The petrographic analysis of the samples shows that quartz is present in all samples, but its content varies greatly. Its presence is due to its abundance in the surrounding metamorphosed rocks and granites and to its mechanical resistance [49] . The texture of the quartzose rock fragments, as revealed from the polarized microscopy, is indicative of a metamorphic gneissic source: quartz crystals show undulatory extinction and intercrystalline suturing in polycrystalline grains. Also, assuming a firstcycle origin of the modern sands, the fine monocrystalline quartz grains must have originated from foliated metamorphic rocks [50] .
The most altered feldspars in feldspathic sediments are the calcic ones and the least altered are the potassic [50] , a general rule that seems to apply to all the samples studied. It is believed that feldspar grains breakdown by fracturing along twin crystal planes as they are transported in streams of high gradient [51] . In the samples studied, feldspars do accumulate in the finer sand fractions but they also contribute to the coarser size fractions; this observation also supports the assumption that these sediments rapidly accumulated near their source.
Micas almost always comprise some percentage of the composition of the samples. Their abundance is due to the presence of mica in the metamorphic parent rocks. Chlorite was also detected in trace amounts in some of the samples along with some kaolinite. Their presence is associated with the alteration of micas and feldspars, respectively.
Varying amounts of detrital calcite was detected in some samples. This can be attributed to the minor amounts of carbonate rocks that outcrop in the Vertiskos Unit. Pyroxene, when detected, always comprises a minor amount of the samples analyzed. Garnet is a more common accessory mineral in the examined sands. The same is also true for amphiboles. All the three previous mentioned minerals are indicative of a metamorphic source and belong to the metastable group of heavy minerals [43] . In general, the abundances of garnet and pyroxene tend to decline with increased alluvial storage [52] . The heavy mineral assemblages in sandstones are affected by physical sorting, mechanical abrasion, and dissolution. Moreover, the source-area weathering does not significantly affect the diversity of heavy mineral suites that will be incorporated into the transport system, the degree of enrichment of stable heavy minerals being greatest in transport-limited erosional regimes [53] . The latter also favours the hypothesis that these sediments accumulated near their source.
The majority of the soil mass of the samples V19 to V24 and V41 to V45 (soils immediately overlying the mica schist basement), is residual. However, it is evident that the adjacent amphibolites contributed clastic material (significant presence of amphibole).
Because the samples studied are loose, sand-sized sediments and because they are rich in quartz feldspar, and occasionally heavy minerals, the question of whether or not these sediments have economic potential is raised.
Further study is necessary in order to answer this question.
The framework composition and compositional maturity of fluvial sandstones, in addition to the climate setting, can be correlated [54, 55] ; the more feldspathic (immature) were deposited near the source under a warm and dry climate and the more quartzose and mature were deposited under a wet climate. Under a semi-arid to Mediterranean (hot summer) climate plutoniclastic sands produced are less altered than under temperate and humid [56] conditions. This could indicate that the samples studied, due to their quartz content, may have been deposited under a wet climate where chemical weathering pervasive. The samples studied were deposited in a semi-arid climate and were coupled by the effects of strong topographic relief [57] . The presence of feldspar and heavy minerals in the samples supports the latter hypothesis (temperate and seasonable climate where erosion is primarily due to physical weathering). Previous studies have also shown that the presence of amphibole and pyroxene in modern sediments is correlated with mild climatic conditions [58] . The presence of unstable minerals (i.e. pyroxene, plagioclase) along with semi-stable ones (i.e. amphibole, orthoclase) also suggests that chemical weathering did not play a role in sediment production [59] .
All the sand samples studied comprise a distinct petrologic province correlated by age (modern), origin (metamorphic basement), and distribution. This province could be further characterized by an amphibole association including all the modern sand samples of the Vertiskos Unit [50] .
Conclusions
The samples analyzed are generally brown and reddishgrey coloured, loose, fluvial sands, that demonstrate, at the macroscopic level, low sphericity, are angular to subangular. More rounded lithic fragments found in the samples are metamorphic in origin. Most of the samples yield a polymodal grain-size distribution. Texturally, they are moderately sorted to very poorly sorted and immature to submature. They are mainly sandy gravels and gravelly sands.
They are sediments that accumulated close to their source under intense to mild tectonic activity, under rapid weathering, and comprise a diverse mixture of detrital populations.
Their assemblage is composed mainly of quartz, feldspars, micas, and accessory minerals, mainly of metamorphic origin. The studied sands are feldspathic and rich in heavy minerals, namely amphibole and garnet. The latter feature supports the assertion that these sands are deposited close to their source. The composition of all samples indicates that their source was the Vertiskos Unit, mainly the mica schist and amphibolite layers.
The mineral abundances indicate that the Vertiskos Unit was rapidly weathered in a temperate and seasonable climate primarily through the action of physical weathering. In general, samples become more quartzose and depleted in accessory minerals further from their source.
All the samples constitute a distinct sedimentary petrologic province on the Unit comprised of an amphibolegarnet association.
